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Abstract. The emergence of jawed vertebrates was
predicated on the appearance of several innovations, in-
cluding tooth formation. The development of teeth re-
quires the participation of several specialized genes, in
particular, those necessary for the formation of hard tis-
sues—dentin, enamel, and cementum. Some vertebrates,
most conspicuously birds, secondarily lost the tooth-
forming ability. To determine the fate of some of the
tooth-forming genes in the birds, we tested a domestic
fowl cDNA library for the expression of the dentin ma-
trix protein 1 (DMP1) gene. The library was prepared
from the poly(A+) RNA isolated from the jaws of 11- to
13-day-old embryos and the testing was carried out by
the polymerase chain reaction with degenerate primers
designed on the basis of the available mammalian and
reptile sequences. A chicken homologue of theDMP1
gene identified by this approach was shown to be ex-
pressed in the jaws and long bones, the same two tissues
as in mammals. The chickenDMP1 gene has an exon/
intron organization similar to that of its mammalian and
reptile counterparts. The chicken gene contains three
short highly conserved segments, the rest of the gene
being poorly alignable or not alignable with its mamma-
lian or reptilian homologues. The distribution of simi-
larities and dissimilarities along the gene is indicative of
a mode of evolution in which only short segments are
kept constant, while the rest of the gene is relatively free
to vary as long as the proportion of certain amino acid
residues is retained in the encoded polypeptide. The

DMP1 gene may have been retained in birds because of
its involvement in bone formation.
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Introduction

Dentin is composed of mineralized extracellular matrix
secreted by odontoblasts (Butler and Ritchie 1995). The
matrix consists of collagen (about 90%) and noncolla-
genous components (about 10%), mostly acidic phospho-
proteins. The collagen fibrils function as a scaffolding
for the deposition of hydroxyapatite crystals, whereas the
phosphoproteins are believed to be involved in the ini-
tiation of mineralization and in the control of the rate of
apatite growth. The best characterized of the phospho-
proteins is encoded in the dentin matrix protein 1
(DMP1) gene, which has been cloned in human (Hirst et
al. 1997b), cattle (Hirst et al. 1997a), mouse (MacDou-
gall et al. 1998), rat (George et al. 1993), wallaby (Toyo-
sawa et al. 1999a), opossum (Toyosawa et al. 1999a),
platypus (Toyosawa et al. 1999a), and caiman (Toyo-
sawa et al. 1999b). Transcripts of theDMP1 gene were
originally detected by northern hybridization in rat odon-
toblasts (George et al. 1993) but were later shown by in
situ hybridization to be present in other mineralized tis-
sues, including enamel, cementum, and bone (D’Souza et
al. 1997; George et al. 1994), as well as in fetal cattle
brain (Hirst et al. 1997a). The humanDMP1 gene codes
for a polypeptide chain composed of 16 amino acid resi-
dues of a signal sequence and 473 residues of the mature
protein (Hirst et al. 1997b). The acidity of the protein is
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attributed to the preponderance of Asp and Glu residues,
and its phosphoprotein nature to the presence of >100
Ser residues forming sites for phosphorylation by casein
kinases I and II (Butler and Ritchie 1995; Hirst et al.
1997b). The protein sequence contains several potential
N- and O-glycosylation sites. TheDMP1 presumably
functions by binding to the matrix fibrils and thus initi-
ating nucleation and facilitating mineralization through
its high Ca2+-binding capacity.

Since theDMP1 gene is present in proto-, meta-, and
eutherian mammals, as well as in crocodilian reptiles
(Hirst et al. 1997a,b; MacDougall et al. 1998; George et
al. 1993; Toyosawa et al. 1999a,b), it was presumably
also possessed by the toothed ancestors of the birds. Pos-
sible retention of at least some tooth-forming capacity by
birds is indicated by tissue recombination experiments.
From these, it has been claimed that thein vitro cocul-
tivation of a neural crest-derived mesenchyme of a
mouse (Kollar and Fisher 1980) or lizard (Lemus et al.
1983; Lemus 1995) embryo with the oral epithelium of a
fowl or quail embryo leads to the production of amelo-
genin by bird-derived ameloblasts whose differentiation
has been stimulated by inductive signals from the mam-
malian tissue (Lemus 1995). A reciprocal experiment
leading to the purportedly chicken-derived dentin has
also been reported (Lemus 1995), but not all studies have
supported the view that chicken tooth-forming genes are
potentially functional (Karcher-Djuricic and Ruch 1973;
Arechaga et al. 1983). To determine whether any of the
genes directly involved in tooth formation are expressed
in birds, we attempted the isolation of the birdDMP1
gene.

Materials and Methods

Source and Isolation of DNA

Domestic fowl (Gallus gallus) embryos at different days (11 through
13) of development were collected, their upper and lower jaws, as well
as other parts, were dissected out, and the tissue blocks were immedi-
ately frozen in liquid nitrogen for later use in the preparation of the
cDNA library. Adult Reeves’s pheasant (Syrmaticus reevesii) tissue
was used for the isolation of genomic DNA by the phenol–chloroform
extraction method (Davis et al. 1986).

Fowl cDNA Library

Poly(A+) RNA was isolated using the mRNA purification kit and
cDNA was synthesized with the help of the TimeSaver cDNA synthesis
kit (Pharmacia Biotech). The cDNA was then inserted intoEcoRI-
digestedlgt10 vector (Stratagene), in vitro-packaged with the help of
the Gigapack cloning kit (Stratagene), and used to transform competent

E. coli NM514 bacteria. The cDNA libraries were screened by poly-
merase chain reaction (PCR) amplification using degenerate primers
based on an alignment of human, cattle, rat, mouse, wallaby, opossum,
platypus, and caimanDMP1 sequences. The two primers were as fol-
lows: CD10, sense, 58-GAGGAGGAYGAYAGYGGNGAYGAYAC-
38; and CD8, antisense, 58-ATAACCATCYTGRCARTCRTTRT-
CRTC-38. The amplification product of these two primers spans a
region of approximately 1 kb in exon 6 of theDMP1 gene.

PCR Amplifications

Genomic DNA (100 ng/ml) or lysate of the cDNA libraries (1ml) were
amplified by PCR in 50ml of PCR buffer (1.5 mM MgCl2/200 mM
dNTP/10 mM Tris, pH 8.5) in the presence of the sense and antisense
primers and 2.5 U ofTaq polymerase (Pharmacia Biotech). Amplifi-
cations were performed in the RoboCycler Gradient 96 (Stratagene) in
35 cycles, each cycle consisting of 1 min of denaturation at 94°C, 1 min
of annealing at the annealing temperature, and 3 min of extension at
72°C. The final extension was for 10 min at 72°C. The annealing
temperatures varied from 53 to 60°C depending on the primer combi-
nation used. For the initial isolation with the CD10-CD8 primer com-
bination, the temperature was 57°C. For reverse transcription PCR, 1
mg of total RNA prepared from 11- to 13-day-old jaws of fowl embryos
was used for the first-strand cDNA synthesis with random hexamer
primers, aided by the 58 RACE kit (GIBCO/BRL). The product was
amplified by PCR using the fowlDMP1-specific primer DEN95 (an-
t i s e n s e , 58 - G C T G C T G C T G C T A C T G T C A C C A T G T C -
CTCT-38) in combination with the generic anchor primer supplied with
the kit and annealing to the poly(C) tail. The DEN95 primer anneals to
exon 6 of theDMP1 gene, 342 bp from the cDNA’s start codon. The
PCR product was subcloned intoSmaI-digested pUC18 plasmid vector.

DNA Sequencing

Double-stranded DNA was purified using the Qiagen plasmid kit. Two
to five micrograms of DNA was used in the dideoxy chain-termination
reactions performed with the help of the AutoRead Sequencing Kit
(Pharmacia Biotech), which contained 58-fluorescent-labeled sequenc-
ing primers and T7 DNA polymerase. The reactions were then pro-
cessed by the Automated Laser Fluorescent (ALF) Sequencer
(Pharmacia Biotech). The following two internal primers deduced from
theDMP1 sequence were used: DEN96, sense, 58-CCAGAGACTGA-
GGACACCAACTCT-38; and DEN97, antisense, 58-TTGGTGC-
TCTCTGTGGATGTGCT-38. To determine the exon–intron organiza-
tion of the fowl DMP1 gene, the following primers were used to
amplify the individual boundary regions (Fig. 1): DEN98, sense (E2),
58-ATGAAGACTGCACTGCTGATGTTG-38; DEN99, antisense
(E3), 58-AGGCTCTCGGGACACGGAGAGATG-38; DEN100, sense
(E3), 58-CATCTCTCCGTGTCCCGAGAGCCT-38; DEN101, anti-
sense (E6), 58-GGGACCCAGCGCATTTGCCACATC-38. Similarly,
the primers for the exon–intron boundaries of the pheasant gene
were as follows: DEN104, sense [E2, 58 untranslated region (UTR)],
58-ACGCTTCTACACCTCTGCTGCAGG-38; and DEN113, antisense
(E6), 58-ACCATGTCCTCTGGTGTCCCCAGT-38. The DEN104
primer, in combination with DEN105, antisense (E6, 38UTR), 58-
TGACCCAACTCCACCACAAACAAA-38, was used to confirm the
identity of sequences in the overlapping parts of the cDNA clones. To
obtain the pheasantDMP1 sequence from the genomic DNA, the fol-
lowing three primer pairs were used: DEN104/DEN101, DEN100/
DEN113, and CD10/CD8.

>

Fig. 1. Nucleotide and translated amino acid sequence of fowlDMP1 cDNA clones. Exon/intron borders are indicated by the↓ symbols. Amino
acid residues are given in the IUPAC–IUB single-letter code. Primer positions and orientations are indicated by anarrowed lineabove their location
in the sequence.
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Southern and Northern Blot Analysis

Southern blotting was carried out as described earlier (Toyosawa et al.
1999b). For northern blotting, total RNA and poly(A+) RNA were
prepared using the Qiagen RNeasy and the Oligotex mRNA kits, re-
spectively. The mRNA was electrophoretically separated on formalde-
hyde gel and blotting was performed (Davis et al. 1986). The blots were
hybridized according to the protocol provided by the supplier of the
Alk-Phos Direct kit (Amersham) used for labeling the probe.

Sequence Analysis

Alignments of protein sequences were made with the aid of the ClustalW
program (Thompson et al. 1994) and corrections were made by hand.
For detailed analysis of conservation patterns, the fowl, pheasant,
caiman, mouse, and human sequences were separately aligned, follow-
ing omission of 115 amino acid extension in exon 5, unique to caiman
(Toyosawa et al. 1999b). A sliding window of 30 codons was used to
estimate the percentage of nonsynonymous substitution (Ka) for pair-
wise comparisons by the method of Li (1993).

Results and Discussion

To determine the fate of theDMP1gene in modern birds,
we prepared cDNA libraries using mRNA isolated from
the jaws of domestic fowl (chicken) embryos at 11–13
days of development and screened them by PCR using
degenerate primers based on the sequences of mamma-
lian and reptilianDMP1 genes. The presence of positive
clones in the cDNA libraries was indicated by strong
PCR signals. The positive clones were isolated and se-
quenced. The complete coding sequence of the fowl
cDNA was obtained from three overlapping clones. One
of the clones (dmp1-1), which contained the entire trans-
lated region, was PCR-amplified from the cDNA library
using the primer pair CD10/CD8 (see Materials and
Methods). The second cDNA clone (dmp1-2), which
contained the 38 UTR, was amplified by anchored PCR
using a vector-specific primer and the internal primer
DEN91. The third clone, encompassing a portion of the
58 UTR, was obtained by reverse transcription PCR. The
primer pair DEN104/DEN105 was then used to confirm
the identity of the entire coding sequence (Fig. 1).

The 1680-bp-long sequence was found to contain an
open reading frame for 429 amino acid residues, begin-
ning with the initiation codon at nucleotide 38. The first
21, mostly hydrophobic, amino acid residues of the de-
duced protein sequence presumably constitute the signal
peptide, followed by 408 residues of the mature protein.
The stop codon at nucleotide site 1325 is followed by
353 bp of the 38 UTR. Exon–intron boundaries of the
fowl DMP1 gene were determined by sequencing the
corresponding regions of genomic DNA, using the
known genomic organization of the reptile and mamma-
lian genes as a guide. The fowlDMP1 gene consists of
four exons interrupted by three introns, two fewer than in
the mammalianDMP1 genes (Fig. 2). An exon corre-

sponding to the mammalian exon 1 and containing the 58
UTR presumably exists in the fowl gene but it could not
be identified in the cDNA clones, perhaps because of the
way the cDNA libraries were prepared. The fowlDMP1
exon 2 corresponds exactly to the mammalian and rep-
tilian exon 2. The 38 border of fowl exon 3 is shifted by
four codons upstream compared to the mammalian exon
3. Mammalian/reptilian exons 4 and 5 appear to be miss-
ing in the fowlDMP1 gene. The 58 border of fowl exon
6 is shifted downstream compared to both the mamma-
lian and the reptilianDMP1 genes (the 58 border of the
mammalian gene being shifted downstream relative to
the reptilian gene). Both variation in exon size and dif-
ferential splicing of the upstream exons ofDMP1 have
been described previously (MacDougall et al. 1998;
Toyosawa et al. 1999, a,b). Exon 5 is differentially
spliced in the mouseDMP1 (MacDougall et al. 1998)
and can vary eightfold in size, from 45 bp in the mouse
to 357 bp in the caiman (Toyosawa et al. 1999, a,b). The
functional significance of the absence of exons 4 and 5 in
the fowl remains unclear. The exons are moderately con-
served in eutherian mammals (Fig. 3), which suggests
that they are constrained in their evolution. However, the
observed variation of exon 5 and the absence of exons 4
and 5 in some birds imply that these exons play a role
which is not critical to the function of the DMP1 protein
and that their absence may not impair the function. The
conservation of fowl and pheasantDMP1 gene organi-
zation suggests that exons 4 and 5 were absent before the
splitting of the two lineages, some 16–20 million years
ago (Helm-Bychowski and Wilson 1986).

The comparison of the fowl deduced protein sequence
with the knownDMP1 sequences reveals the existence
of three short, highly conserved regions, the rest of the
protein being poorly alignable with either the mamma-
lian or the reptilian polypeptides (Fig. 3). The conserved
regions span residues 218–226, 328–335, and 655–663.
The remainder of the sequence, although highly diver-
gent among mammals, reptiles, and birds, nevertheless
retains a similar character in terms of amino acid com-
position. The putative fowl DMP1 protein, like the
known DMP1 molecules of other species (Hirst et al.
1997a,b; MacDougall et al. 1998; George et al. 1993;
Toyosawa et al. 1999a,b), has a relatively high content of
acidic amino acids Asp (13.4%) and Glu (13.5%), the
two residues responsible for the acidic character of the
polypeptides, as well as a high content of Ser (17.5%),
the residue essential for the phosphorylation of the mol-
ecule.

This distribution of similarities and dissimilarities
along the sequences is indicative of a mode of evolution
in which only short segments are kept constant, while the
rest of the polypeptide is relatively free to vary, as long
as the proportion of a few specific amino acid residues is
retained. This unusual mode of evolution becomes ap-
parent in a sliding window comparison of the percentage
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of nonsynonymous substitutions per codon positions in
the genes of the different pairs of taxa (Fig. 4). The
comparison reveals that nonsynonymous sites diverging
rapidly between closely related taxa (representatives of
the same or different mammalian orders) correspond to
the nonconserved sites in comparisons between distantly
related taxa (different vertebrate classes). Similarly, the
slowly evolving nonsynonymous sites in intra- or inter-
ordinal comparisons within the same class correspond to
the highly conserved sites in comparisons of bird, reptile,
and mammalian sequences. The expectation is that a
similar mode of evolution should also be apparent in
comparisons ofDMP1 genes from different species of
birds. This expectation is borne out by theDMP1 se-
quence of the Reeves’s pheasant (Fig. 3), which last
shared a common ancestor with the domestic fowl ap-
proximately 16–20 million years ago (Helm-Bychowski
and Wilson 1986). The pheasant and the fowl sequences
are alignable along their entire length (Fig. 3) but have
clearly diverged more in the segments that cannot be
aligned in comparisons of sequences from different ver-
tebrate classes than in the conserved segments. This re-
sult also indicates that the birdDMP1 genes evolve un-
der similar evolutionary pressures as the mammalian and
reptilian sequences and hence that they are functional.

The possibility existed, however, that the bird genes

did not come from the same, but rather from paralogous,
loci within one family. If this were the case, the inter-
pretation of the above results would not be as straight-
forward as presented. To test for the presence of paralo-
gous or related genes, we performed Southern blot
analysis of fowl genomic DNA digested withHindIII,
TaqI, PstI, and AluI restriction enzymes and hybridized
with two kinds of fowlDMP1probes. One probe covered
most of exon 6 including the three conserved regions. A
second, smaller probe (∼200 bp) was obtained by PCR
amplification with the primers DEN112 (sense) 58-
AACCACGTGGAGCGAGACCTTGCT-38 and
DEN115 (antisense) 58-GGAGCCGCCACGGTATCG-
GATGT-38. The amplification product encompassed
codons 71 to 144 of exon 6 and included only one of the
three conserved regions. The hybridization pattern ob-
tained by both probes was identical: only one hybridizing
band could be detected (Fig. 5A). A similar result was
also obtained with reptile and mammalian genomic DNA
and the corresponding probes (Toyosawa et al. 1999a,b).
If there were a multigene family ofDMP1-like se-
quences sharing the conserved regions, multiple hybrid-
izing bands would be expected to appear on at least some
of these blots. The result in Fig. 5A is consistent with the
existence of a singleDMP1 gene in the chicken haploid
genome.

Fig. 2. Exon (E)–intron
organization ofDMP1 genes in
birds, a reptile, and mammals.
Hatchedandopen rectangles
indicate translated and untranslated
(UTR) exon regions, respectively.
Coding lengths of exons in base
pairs are indicated beneath the
boxes; lengths of introns in base
pairs or kilobase pairs are also
indicated, where known. ATG and
TGA or TAA are the initiation and
the stop codons, respectively.
Sources of information are
referenced after the species names.
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Further support for the conclusion that the fowl se-
quence comes from theDMP1 gene is provided by the
results of northern blot hybridization. Messenger RNA
was extracted from the jaws, brain, long (leg) bone,
heart, liver, and stomach of 11- and 13-day-old fowl
embryos and subjected to northern blot analysis, using
∼1.3-kb-long fowl cDNA probe encompassing almost
the entireDMP1coding region. A single band∼1.7 kb in
length was observed only in the lanes containing mRNA
derived from the jaw and from the long bone (Fig. 5B).
Although we cannot exclude the possibility that the

DMP1 gene is also expressed weakly in other tissues (no
additional positive tissues were detected by the PCR am-
plification of the DMP1 transcript, however), its main
loci of expression in the fowl embryos are the jaws and
long bones, the same tissues as in mammals. Finer reso-
lution and identification of the cells expressing the gene
must await the results of in situ hybridization of tissue
sections. The results of the expression studies are sig-
nificant in light of what is known about the process of
tooth development in mammals. The first step in this
process is the migration of neural crest cells into the

Fig. 3. Amino acid sequence alignment of mammalian, avian, and
reptilian DMP1s. The stretch between position 46 and position 158,
which is present only in the caiman protein, is omitted.Dashesindicate
identity with the simple majority consensus sequence at the top;aster-

isks,gaps introduced to optimize the alignment; anddots, lack of in-
formation. Amino acid residues are given in the IUPAC–IUB single-
letter code. Exon boundaries are not considered in the alignment.
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tooth-forming region of the jaws, the so-called maxillary
and mandibular arches (Smith and Hall 1990). The mes-
enchymal cells then induce the overlying dental epithe-
lium to form the dental lamina. The subsequent invagi-
nation of the dental lamina into the mesenchyme forms
the dental organ, around which the mesenchyme con-
denses into the dental papilla. We have no information
whether any part of this process also takes place in the
fowl embryo. Since neural crest cells also give rise to
bone structures in the jaws, the observedDMP1 expres-
sion in this organ might not be related to tooth formation
at all.

From the experiments described herein, we conclude
that the gene we have identified is indeed the bird ho-
mologue of the mammalian/reptilianDMP1 gene. We
base this conclusion on the following observations.
First, the bird gene contains the same three short highly
conserved segments characteristic of the mammalian/
reptilian DMP1 genes. Second, the bird sequence is de-
rived from a single-copy gene which does not appear to
be a member of a multigene family. Third, in the birds
the gene evolves in the same manner as its presumed
homologues in mammals and reptiles—slowly in the
conserved regions and rapidly in the divergent regions.
Fourth, the fowl deduced protein sequence possesses the
same features (high content of Asp, Glu, and Ser resi-
dues) as its mammalian/reptilian counterparts. Fifth, the
chicken gene has an exon/intron organization similar to
that of theDMP1 genes. Finally, the expression pattern
of the chicken gene resembles that of theDMP1 genes.
Hence toothless birds have retained a functional gene
that in toothed vertebrates is critically involved in tooth
formation.

There may be two reasons why they have done so.
TheDMP1 gene of all vertebrates may have other func-

tions in addition to its involvement in tooth formation.
Indeed some data on its expression in tissues other than
developing teeth seem to suggest a role consistent with
inhibition of calcification (Lemus et al. 1983). In this
scenario, the gene remains under selective pressure be-
cause of the other roles it plays. An alternative scenario
postulates that the gene has assumed a new function in
birds. In both cases, it is possible that the loss of tooth
function would produce a change in the evolutionary rate
of the gene. We interpret the similarity of the conserva-
tion patterns in birds compared to other vertebrates to
indicate that the gene’s evolution remains relatively un-
perturbed by the tooth loss.

In conclusion, we have shown that gross changes in

Fig. 4. Plot of percentage nonsynonymous substitutions (Ka%)
against codon position for selected pairwise comparison of fowl (F),
pheasant (P), caiman (C), mouse (M), and human (H)DMP1 se-
quences. A sliding window of 30 codons (including alignment gaps)
was used to generate the plot, with measurements taken at 5-codon
intervals.

Fig. 5. A Southern blot of fowl genomic DNA digested withHindIII
(H), TaqI (T), PstI (P), and AluI (A) restriction endonucleases and
hybridized with an exon 6 fowl probe covering codons 71–144. The
probe was obtained by PCR amplification with the primer pair
DEN112/DEN115. A similar pattern was obtained using a probe am-
plified with the primer pair CD8/CD10. Approximate sizes of frag-
ments are indicated in kilobase pairs.B Northern blot of poly(A+)
mRNA isolated from jaws (J) and long (leg) bone (B) of 11- and
13-day-old fowl embryos, as well as heart (H), stomach (S), liver (L),
and brain (R) of 13-day-old fowl embryos. The probe was near full-
length (1.3 kilobase pairs) fowl cDNA, obtained using the DEN104/
CD8 primer pair. Marker sizes (in nucleotides) are indicated on theleft.
Approximately 2.5–3mg of mRNA was loaded on each lane. The
positive control (hybridization with a probe specific for the fowl glyc-
eraldehyde-3-phosphate dehydrogenase transcript) is not shown.
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morphological features may have no major effect on
genes directly involved in the ontogeny of these features.
The loss of teeth in birds has not caused the concomitant
loss of theDMP1gene. Other genes, such as amelogenin,
may have become redundant and nonfunctional. The
maintenance of gene function points to the possibility of
future evolutionary innovation involving sidelined genes.
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